Abstract. Liver and biliary cancers are highly lethal cancer types lacking effective treatments. The somatic mutations, particularly those with low mutant allele frequencies, in Chinese patients with liver and biliary cancer have not been profiled, and the frequency of patients benefiting from targeted therapy has not been studied. The present study evaluated the tumor tissues of 45 Chinese patients with hepatocellular carcinoma (HCC) and 12 Chinese patients with biliary tract cancer (BTC) by targeted next generation sequencing, with an average coverage of 639x, to identify alterations in 372 cancer-related genes. A total of 263 variants were identified in 139 genes, with 85.6% of these variants not previously reported in the Catalogue Of Somatic Mutations In Cancer database, and the mutation profile was different from the current datasets, including The Cancer Genome Atlas dataset and the National Cancer Center Japan (NCC_JP) dataset. Patients with hepatitis B virus (HBV) infection harbored more mutations than those without HBV infection, and the mutations in HBV carriers occurred preferentially in genes involved in vascular endothelial growth factor signaling pathways. Mutations in fibroblast growth factor and RAS signaling pathways were enriched in patients with cirrhosis, and alterations in interleukin and transforming growth factor signaling pathways were more frequently identified in individuals with abnormal bilirubin expression. Of all the patients, 7% exhibited variants in the target of sorafenib, and 42% harbored variants in the targets of drugs that have been approved to treat other types of cancer. These findings indicate diverse HCC/BTC variants patterns in different populations, and that the mutation load and patterns are correlated with clinical features. Further clinical studies are now warranted to evaluate the efficacies of other targeted drugs besides sorafenib in the treatment of patients with liver and biliary cancer.
Introduction
Liver cancer is the third leading cause of cancer-associated mortality worldwide (1) . The incidence of liver cancer is high in East Asia and Africa (1) (2) (3) (4) , and the prognosis is generally poor. Hepatocellular carcinoma (HCC) is the most common form of liver cancer (1) . Advances in sequencing technologies have enabled the examination of liver cancer genomes at high resolution. Whole genome sequencing (WGS) and whole exome sequencing (WES) have been used to identify genomic alterations in liver cancers (5) , and have identified mutations that frequently occur in liver cancer. Since cancer is heterogeneous, it is difficult for WGS or WES to identify variants at low frequencies due to the relatively low coverage of sequencing (<200x). Investigating liver cancer genomes using a more sensitive method is therefore required to identify more detailed patterns of somatic variants.
Biliary tract cancer (BTC) is the second most common primary hepatobiliary cancer after HCC (6) . BTC typically follows an aggressive disease course associated with a poor clinical outcome. Surgery is the only curative treatment, but the majority of patients present with advanced disease and therefore have a limited survival probability. Gemcitabine and cisplatin-based chemotherapy has been the only widely Somatic mutation profiling of liver and biliary cancer by targeted next generation sequencing accepted standard systemic therapy (7) . Reports on somatic mutations in BTC are rare, and recurrent mutations in BTC have not been identified to date. An understanding of the molecular characteristics of BTC may allow for the clinical development of therapies targeting actionable alterations, with the ultimate aim of improving clinical outcome. For instance, with the aid of next generation sequencing (NGS), actionable mutations including those in isocitrate dehydrogenase 1, fibroblast growth factor (FGF) receptor (FGFR)-2, BRAF and human epidermal growth factor receptor 2 have been identified as candidates for targeted therapeutics (8) .
Hepatitis B virus (HBV) infection, cirrhosis, fatty liver and alcohol intake are well-known risk factors for liver cancer (2) (3) (4) . It has been reported that HBV has preferences in host genome integration sites (9) (10) (11) , contributing toward genomic instability and hepatocarcinogenesis (12) . HBV not only creates an environment that promotes the tumorigenic process, but also directs interactions among signaling cascades to further enhance the process (13) . For example, the expression of viral protein HBx may promote the transcription of insulin-like growth factor (IGF)-2, transforming growth factor (TGF)-β, vascular endothelial growth factor (VEGF) and yes-associated protein 1 (14) (15) (16) (17) , and enhance mechanistic target of rapamycin (mTOR), Wnt/β-catenin and Hedgehog signaling (17) (18) (19) . However, it remains unclear whether these risk factors have any correlation with somatic variants in liver cancer.
The present study identified the somatic variants in liver cancer by targeted NGS at a depth of 639x, and studied variants relevant to HBV, cirrhosis and bilirubin levels. The proportion of patients harboring potential targets of existing drugs for all cancer types was also analyzed.
Patients and methods
Patients. Tumor specimens and matched blood samples were obtained from 57 patients who were diagnosed with HCC (45) or BTC (12) at the 302 Military Hospital of China (Beijing, China) between December 2015 and August 2016. Clinical information, including age, sex, HBV infection status, hepatohistological grade, disease stage and previous treatment history were collected. The present study included 50 male and 7 female patients with the mean age of the patients being 52.1 years, ranging from 17 to 71 years. The present study was approved by the Independent Ethics Committee of the 302 Military Hospital of China. All the patients provided written informed consent for the genomic testing used for the present study. Specimens were evaluated by board-certified pathologists to identify tumor-bearing areas for DNA extraction. The characteristics of the patients are presented in Table I .
Targeted NGS. Tumor tissue was obtained from biopsy or surgery upon the initial diagnosis of cancer at the primary site, fixed in 10% neutral formalin buffer at room temperature for 48 to 72 h and embedded in paraffin. Tumor genomic DNA was extracted from formalin-fixed and paraffin-embedded tumor tissue blocks using QIAamp DNA FFPE Tissue kit (Qiagen GmbH, Hilden, Germany), according to the manufacturer's protocols. In addition, tumor specimens were stained with 0.5% hematoxylin for 8 min and 0.5% eosin for 15 sec at room temperature. A 4-µm section of a hematoxylin and eosin-stained slide was reviewed for pathology and only tissue slices with >20% of tumor cells were further analyzed. Normal genomic DNA was extracted from peripheral blood mononuclear cells using QIAamp DNA Blood Mini kit (Qiagen GmbH, Hilden, Germany), according to the manufacturer's protocols. Sequencing libraries for each sample were prepared followed by target capturing for 372 genes that are frequently rearranged in cancer. Massive parallel sequencing was then performed using Illumina NextSeq 500 (Illumina, Inc., San Diego, CA, USA), and samples with a mean sequencing depth of 639x were analyzed.
Data processing and analysis. Sequence data were mapped to the human genome (hg19) using BWA aligner v0. 7 
Results

Somatic alterations in HCC and BTC.
In the present study, 57 primary HCC/BTC tumors and matched blood mononuclear cells were analyzed by DNA sequencing targeting 372 cancer-related genes (Fig. 1) . The average base pair coverage was above 500x and 200x for tumor tissues and blood mononuclear cells, respectively. In total, 263 variants were detected in 139 genes (Fig. 1A) . A total of 69.1% of the mutated genes were identified in only 1 patient, and the number of genes altered in more than 6 patients (10%) was 6 (4.3%), indicating a diverse somatic mutation pattern in the tested samples (Fig. 1B) . Of all 344 variants detected, 67.2, 18.6, 8.4 and 5.5% were single nucleotide variants (SNVs), copy number variants (CNVs), small insertions or deletions (INDELs) and splices, respectively (Fig. 1C) . Only one gene fusion (diglyceride acyltransferase-ATM serine/threonine kinase) was identified. The detected SNVs, CNVs, INDELs and splices exhibited preferences to different sets of genes, and only one gene [tumor protein p53 (TP53)] was identified to have all four types of mutations in different individuals (Fig. 1D) . Out of 129 genes that had SNVs, 107 genes (82.9%) had SNVs only, and 16 genes (12.4%) occurred in chromosome 3 (P=0.0018). There were 18 genes harboring INDELs, and 5 genes (27.8%) had INDELs exclusively. For the 34 genes with CNVs, 24 (70.6%) were not detected to have SNVs, INDELs or splices, and 6 genes (17.6%) occurred in chromosome 12 (P=0.018).
To determine whether the mutated genes in the patients with HCC/BTC were similar to those in published datasets, recurrent genes were compared in the current dataset. The Cancer Genome Atlas (TCGA) dataset and the National Cancer Center Japan (NCC_JP) dataset. Notably, only 13 genes were shared across all three datasets (Fig. 1E) . TP53 (64.9%) and catenin-β1 (CTNNB1; 7.0%) were two of the genes that appeared among the most frequently mutated genes in all three datasets. This finding is consistent with the data reported by Kan et al (5) . Low-density lipoprotein receptor-related protein 1B (LRP1B; 12.3%) and retinoblastoma gene (RB1; 12.3%) were another two genes that were frequently mutated in the tested samples. Notably, the mutation rate of LRP1B in TCGA dataset was markedly higher compared with that in the NCC_JP dataset, whereas RB1 exhibited the opposite pattern. These results indicated diverse HCC/BTC variant patterns among different populations. Of all the variants detected, 85.6% had not previously been reported in the Catalogue Of Somatic Mutations In Cancer (COSMIC) database (Fig. 1A and F) . These novel variants were distributed across 96.5% (55/57) of the patients and as 95.0% (132/139) of the mutated genes, suggesting the existence of a dynamic mutation behavior in HCC/BTC (Fig. 1G) .
HCC vs. BTC. To identify the differences in somatic variants in HCC and BTC, the mutated genes in these two types of cancer were initially compared. As depicted in Fig. 2A, 16 genes were mutated in HCC and BTC. Of all the mutated genes, 11.5% of the genes were mutated in HCC and BTC. In the HCC samples, 83.2% of the mutated genes harbored novel variants, which was significantly higher than that in the BTC samples (65.9%; binomial P<0.01; Fig. 2B ).
It has been reported that SNV signatures are diverse in different types of cancer (20) . To determine the mutation signature differences in HCC and BTC, the nucleotide alteration patterns between HCC and BTC were calculated and compared. SNVs in these two types of cancer shared similar alteration signatures except for T>C, which more frequently occurred in HCC (Fig. 2C) .
Variants relevant to HBV. Among the 57 tested patients, 42 were HBV carriers and 15 were not (Table I) . Only 26 (16.4%) genes were mutated in patients regardless of their HBV infection status (Fig. 3A) . Gene ontology analysis revealed that genes mutated in HBV carriers were enriched in the VEGF, integrin and insulin/IGF signaling pathways (P<0.001; Fig. 3B ). Among the genes involved in these signaling pathways, KRAS proto-oncogene and phosphatase and tensin homolog are the genes that were mutated in HBV carriers and non-HBV carriers. Other genes in these signaling pathways that were exclusively mutated in HBV carriers included VEGFA, RAF1, protein tyrosine kinase 2, protein kinase c iota type (PRKCI), phospholipase Cγ2 (PLCG2), polycystin 2, phosphoinositide-3-kinase (PIK3) regulatory subunit 2, PIK3 catalytic subunit-γ (PIK3CG), PIK3C-δ (PIK3CD), PIK3C-α (PIK3CA), PIK3C2-β (PIK3C2B), mitogen-activated protein kinase (MAPK) kinase 1 (MAP2K1), MAPK kinase kinase 1 (MAP3K1), HRAS proto-oncogene, Fms-related tyrosine kinase 4, LCK proto-oncogene, insulin receptor substrate 2, IGF2, IGF1 receptor, TSC1 and TSC2. In addition, the average number of variants per sample in HBV carriers was higher than that in non-HBV carriers, and this trend was more significant with novel variants (Table II) . These results indicated that patients with HBV harbored more mutations than those without HBV, and that HBV infection may correlate with mutations in angiogenesis and cell cycle-related signaling pathways.
Variants associated with cirrhosis/liver fibrosis.
Patients with liver carcinoma are frequently diagnosed with cirrhosis, which has a strong correlation with HBV infection and chronic hepatitis (21) . In the present study, 41 (71.9%) patients were diagnosed with cirrhosis. Patients with cirrhosis and those without cirrhosis shared 23 mutated genes, including KRAS (Fig. 3C) . Genes exclusively mutated in patients with cirrhosis were enriched in the FGF signaling pathway and the RAS pathway (P<0.01; Fig. 3D ). These two signaling pathways share numerous genes, including PIK3CG, PIK3CD, PIK3CA, MAP3K1, MAP2K1, RAF1, KRAS and HRAS, but not FGF3, FGF4, FGFR1, FGFR substrate 2, PIK3C2B, PLCG2 and PRKCI, which are involved in the FGF signaling pathway only. Similar to HBV carriers, patients with cirrhosis also harbored significantly more novel variants than those without cirrhosis (Table II) .
Variants relevant to bilirubin level.
In the present study, 20 patients had a normal level of bilirubin, while 36 patients exhibited abnormal bilirubin levels (Table II) . Genes mutated in these two populations were different, although 18.3% of the genes were shared by the two groups (Fig. 3E) . Altered genes in patients with abnormal bilirubin levels were enriched in the TGF and interleukin signaling pathways (P<0.05; Fig. 3F ). There was no correlation between mutation burden and bilirubin abnormality (Table II) .
Variants relevant to targeted drugs.
To identify the number of patients with liver and biliary carcinoma that harbored drug-targetable mutations, the mutated genes that have been approved to be the targets of existing drugs were analyzed. As depicted in Fig. 4 , 7% of the patients could possibly benefit from sorafenib, which is the only drug that has been approved to treat patients with advanced HCC (22) . A total of 42% of the patients had mutations that were targets of everolimus/temsirolimus (26%), olaparib (7%), palbociclib (5%), crizotinib/cabozantinib (2%) or trametinib/cobimetinib (2%). Notably, the number of patients with mutations targetable by everolimus/temsirolimus was markedly higher than the number of patients with mutations targetable by sorafenib, indicating that these drugs may have promise in HCC/BTC therapy.
Discussion
HCC and BTC are two different types of tumor. They are morphologically distinct from each other, and vary markedly in clinical features: For example, jaundice is a prominent symptom of BTC but not of HCC; and carbohydrate antigen 19-9 is a widely used marker in diagnosing BTC, while α-fetoprotein is the gold standard in HCC diagnostics. At the molecular level, carcinogenesis is a complex process resulting from the accumulation of genetic alterations of various cancer-driver genes. The majority of cancer types, including HCC and BTC, are genetically and biologically heterogeneous, which causes the response of patients with the same type of cancer to differ when administered with the same treatment, due to substantial variations in the molecular mutations underlying carcinogenesis. Accumulating studies have identified the presence of common molecular mutations beyond those of the traditionally viewed histological tumor subtypes (23) . It has been demonstrated that the expression of SLC22A1 variants may affect the response of HCC and cholangiocarcinoma to sorafenib (24) . Additionally, a recent study identified that Asian patients with either HCC or cholangiocarcinoma, though clinically treated as separate entities, share common molecular subtypes with similar actionable drivers (25) . Clinically, numerous trials are ongoing for HCC and BTC, including a single arm phase II trial of gemcitabine and oxaliplatin with erlotinib (Tarceva) for the treatment of patients with HCC and BTC (NCT00832637), a phase II trial of BBI503 in adult patients with advanced hepatobiliary cancer (NCT02232633), and phase I and II trials of combined immune checkpoint inhibition in combination with ablative therapies in patients with HCC or BTC (NCT02821754).
In the human genome, there are six patterns of base substitution (C>A, C>G, C>T, T>A, T>C and T>G). Base substitution patterns are affected by exogenous or endogenous mutagens, including oxidative stress, exposure to chemicals or ultraviolet radiation and defects in the DNA repair machinery (26) . It has been reported that C>T and T>C substitutions are dominant in HCC (27) . In line with these findings, the results of the present study demonstrated that C>T (27%), C>A (24%) and T>C (21%) were the top 3 base substitutions in HCC cases (Fig. 2C) . In addition, T>A transitions also frequently occurred (16%) in the HCC cases, which to the best of our knowledge has not been reported previously. A previous study revealed that C>T transitions were dominant in cholangiocarcinoma with liver fluke (28) . Consistent with the results of this previous study, the most frequently occurring base substitutions in the present study were C>T transitions (39%). Furthermore, 26% of the base substitutions were C>A transitions, indicating that C>A alterations may be another signature of BTC substitutions. Unlike HCC, the T>C transitions were rarely identified in BTC (P<0.05), revealing distinct mutation signatures in HCC and BTC.
A previous WGS study of 88 HCC cases identified an average somatic mutation rate of 3.69 per Mb, which is mid-range among all types of cancer (5) . In the present study, the average somatic mutation rate was 4.89 per sample, which is equal to 3.95 per Mb. Notably, HBV-positive cases exhibited a significantly higher mutation rate (5.5 per sample), compared with HBV-negative cases (3.1 per sample; Table II) . This difference was even greater for newly identified variants (4.7 vs. 1.9 per sample). As HBV infection causes genome instabilities and is associated with a poor prognosis of liver cancer, these findings confirmed that the presence of HBV infection is associated with the frequencies of mutations that lead to the complexity of liver cancer.
HBV is a DNA virus with a genome that integrates into the host genome. Studies have demonstrated that HBV integration in the telomerase reverse transcriptase, myeloid/lymphoid lineage 4, lysine methyltransferase 2b, cyclin E1 and fibronectin 1 genes is frequent in cases of HCC (11, 29, 30) . It was reported that genes involved in the WNT/CTNNB1 and Janus kinase/signal transducer and activator of transcription pathways were frequently mutated in HBV-positive HCC cases (30) . By contrast to these findings, the present study demonstrated that genes in the VEGF, integrin and insulin/IGF signaling pathways were frequently mutated in HBV-positive cases, but not in HBV-negative cases. Notably, a previous study reported that the expression of the HBV protein HBx can upregulate VEGF and hypoxia-inducible factor-1α to induce the angiogenesis response (31) . It was also reported that the HBx protein may serve roles in cell spreading by modulating the balance of cell adhesion (32) . The results of the present study suggested that HBV infection may induce angiogenesis and cell adhesion changes through genomic alterations and expression of virus proteins. Further studies are required to determine the mechanisms underlying mutations in angiogenesis and cell adhesion genes caused by HBV infection. Frequent mutations in these signaling pathways in HBV-positive patients suggested that drugs targeting these pathways may be worthy of clinical trials in HBV-positive HCC patients.
At present, surgery remains the most effective treatment for patients with liver cancer. Sorafenib, a drug targeting VEGFA, has been approved for the treatment of advanced HCC (22) . However, the results of the present study indicated that few patients (7%) may benefit from this drug. Notably, approximately half (42%) of the patients in the present study harbored target mutations of drugs that have been approved to treat other types of cancer. Certain drug targets, including mTOR pathway genes, occurred more frequently than the targets of sorafenib. Further clinical studies are warranted to evaluate the efficacies of these drugs in patients with liver cancer. Notably, 51% of patients in the present study did not harbor targets of any drugs. Studies with a larger cohort may elucidate the biomarkers that are more widespread in patients with liver cancer.
In recent years, advances in immunotherapy have provided novel therapeutic strategies for cancer patients with complicated cases. Immunotherapeutics, including antibodies that block programmed death receptor-1 (PD-1)/programmed death-ligand 1 (PD-L1) may induce durable responses across numerous types of tumor (33) (34) (35) (36) . However, the majority of biomarker-unselected patients will not respond to immunotherapy; therefore, there is an unmet requirement to determine biomarkers that will identify patients more likely to respond to PD-1/PD-L1 blockade, as well as other immunotherapeutics. Cancer is caused by the accumulation of somatic mutations, and high tumor mutational burden (TMB) may be a response biomarker for PD-1/PD-L1 blockade in tumors. It was demonstrated in non-small cell lung cancer that a higher TMB was associated with improved objective response, durable clinical benefit and progression-free survival (37) . However, it is unclear whether TMB serves as a useful biomarker for predicting response to immunotherapy in HCC. In a recent phase 1/2 clinical trial (NCT01658878), the PD-1 inhibitor nivolumab was assessed for safety and efficacy in patients with advanced HCC. A manageable safety profile and durable objective responses indicated the potential of nivolumab for the treatment of advanced HCC (38) . As indicated in the present study, HCC and BTC exhibit relatively high TMB compared with other tumors, and HBV carriers have an even higher mutation load. Therefore, further clinical studies are required to evaluate the efficacies of immunotherapy in HCC and BTC, particularly in HBV-positive HCC patients.
